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Effects of Varying Dietary Protein and Energy Levels
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G. A. Broderick
Agricultural Research Service, USDA
US Dairy Forage Research Center
1925 Linden Drive West, Madison 53706

ABSTRACT

Forty-five multiparous and 18 primiparous Holstein
cows were fed three levels of crude protein (CP), each at
three levels of neutral detergent fiber (NDF), to identify
optimal dietary CP and energy. Cows were blocked by
parity and days in milk into seven groups of nine and
randomly assigned to an incomplete 9 × 9 Latin square
trial with four, 4-wk periods. Diets were formulated
from alfalfa and corn silages, high-moisture corn, soy-
bean meal, minerals, and vitamins. Forage was 60%
alfalfa and 40% corn silage on all diets; NDF contents
of 36, 32, and 28% were obtained by feeding 75, 63, and
50% forage, respectively. Dietary CP contents of 15.1,
16.7, and 18.4% were obtained by replacing high-mois-
ture corn with soybean meal. Production data were from
the last 2 wk of each period. Spot fecal and urine sam-
ples were collected from 36 cows to estimate N excretion
using fecal indigestible acid detergent fiber (ADF) and
urinary creatinine as markers. There were no interac-
tions (P ≥ 0.08) between dietary CP and NDF for any
trait; thus, effects of CP were not confounded by NDF
or vice versa. Intake of DM and fat yield were lower on
15.1% CP than at higher CP. There were linear in-
creases in milk urea and urinary N excretion and linear
decreases in N efficiency with increasing CP. Increasing
CP from 15.1 to 18.4% reduced milk N from 31 to 25%
of dietary N, increased urinary N from 23 to 35% of
dietary N, and reduced fecal N from 45 to 41% of dietary
N. Decreasing NDF gave linear increases in BW gain,
yield of milk, protein, true protein, lactose, and SNF,
and milk/DM intake and milk N/N intake, and linear
decreases in milk urea. However, fat yield was lower
on 28% than 32% NDF. Reducing NDF from 36 to 28%
increased purine derivative excretion by 19%, sug-
gesting increased microbial protein. Increasing CP by
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adding soybean meal to diets fed cows averaging 34 kg/
d of milk increased intake and fat yield but depressed N
efficiency. Increasing dietary energy by reducing forage
improved milk yield and efficiency and decreased excre-
tion of environmentally labile urinary N.
(Key words: protein density, energy density, neutral
detergent fiber, nonfiber carbohydrate)

Abbreviation key: HMC = rolled high-moisture
shelled corn, MUN = milk urea N, NFC = nonfiber
carbohydrate, SBM = solvent-extracted soybean meal.

INTRODUCTION

Complex interrelationships exist among dietary pro-
tein and energy and the amount of protein that will be
utilized by the dairy cow. These interrelationships have
important ramifications on overall N efficiency of the
dairy farm (Rotz et al., 1999). Dietary protein supplies
metabolizable protein by providing both RDP that is
utilized for microbial protein formation and RUP that
is digested directly by the cow. High-energy diets stimu-
late microbial protein synthesis, increasing the supply
of this major source of metabolizable protein (Cadorniga
et al., 1993). Thus, increasing dietary energy content
may increase RDP requirement. It is uneconomical to
overfeed protein and energy. Moreover, overfeeding
protein results in excessive urinary N, the most envi-
ronmentally labile form of excreted N (Varel et al.,
1999). Overfeeding of concentrates will depress ruminal
pH and may reduce ruminal fiber digestion, milk fat
secretion and result in other metabolic problems for the
cow (Weimer, 1992; Oliveira et al., 1993; Ekinci and
Broderick, 1997).

The main objective of this experiment was to quantify
the dietary concentrations of protein and energy under
standard feeding conditions that would minimize N ex-
cretion without depressing the yield of milk and milk
components. A feeding study was conducted using nine
diets—three protein levels at each of three NDF (en-
ergy) levels—to produce an array of dietary protein and
energy concentrations. Energy levels were altered by
varying the dietary concentrations of alfalfa and corn
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Table 1. Composition of diets.1

Diet A B C D E F G H I
High Medium Low

NDF
Ingredient CP Low Medium High Low Medium High Low Medium High

(% of DM)
Alfalfa silage 43.8 43.8 43.8 37.3 37.3 37.3 30.8 30.8 30.8
Corn silage 30.9 30.9 30.9 25.3 25.3 25.3 19.3 19.3 19.3
Rolled high-moisture
shelled corn 21.5 17.1 12.6 31.4 27.0 22.5 41.7 37.3 32.8

Solvent-extracted soybean meal 1.0 5.3 9.8 2.9 7.3 11.8 4.8 9.3 13.7
Roasted soybeans 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Sodium bicarbonate 0.0 0.0 0.0 0.25 0.25 0.25 0.50 0.50 0.50
Salt 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Mineral-vitamin premix2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Chemical composition
CP 15.1 16.7 18.5 15.2 16.7 18.4 15.1 16.6 18.3
NDF 36.4 35.0 35.1 31.2 31.7 32.6 28.3 27.9 27.6
ADF 24.3 23.7 23.8 21.4 21.6 22.4 19.2 18.6 19.1
Ash 7.8 8.2 8.4 7.7 8.2 8.0 7.2 7.4 7.7
NDF-N, % of total N 8.9 9.4 9.7 7.7 8.8 9.1 6.9 7.1 6.9
Fat 4.5 3.9 3.9 3.7 3.7 3.4 3.6 3.3 3.2
Nonfiber carbohydrate 37.5 37.8 35.9 43.4 41.3 39.3 46.8 46.0 44.5

Estimated RUP, TDN and NEL
3

RUP, % of CP 27 29 30 30 31 32 32 33 34
RUP digestibility, % 75 78 81 78 81 83 82 83 85
TDNp, % 64 64 63 65 65 64 69 69 69
NELp, Mcal/kg 1.57 1.55 1.54 1.61 1.58 1.57 1.64 1.61 1.61

1On a DM basis, diets designated as high, medium, and low NDF averaged, respectively, 36, 32, and 28% NDF; and diets designated as
low, medium, and high CP averaged, respectively, 15.1, 16.7, and 18.4% CP.

2Provided 56 mg of Zn, 46 mg of Mn, 22 mg of Fe, 12 mg of Cu, 0.9 mg of I, 0.4 mg of Co, 0.3 mg of Se, 6440 IU of vitamin A, 2000 IU
of vitamin D, and 16 IU of vitamin E/kg of DM.

3Computed from NRC (2001) tables using RUP values for diet ingredients at DMI = 4% of BW and prorating RUP digestibilities using
the proportion of each ingredient in total RUP. TDNp and NELp were computed using discounts based on the mean DMI observed for each
diet plus maintenance requirements computed from overall mean BW (634 kg).

silage; CP was varied by changing dietary content of
soybean meal.

MATERIALS AND METHODS

Forty-five multiparous Holstein cows, averaging par-
ity 2.9 (SD 1.3), 629 (SD 58) kg BW, 126 (SD 64) DIM,
and 44 (SD 8) kg milk/per day, and 18 primiparous
Holstein cows averaging 541 (SD 41) kg of BW, 130 (SD
62) DIM, and 34 (SD 11) kg of milk/per day, were
blocked into seven groups of nine by parity and DIM.
The blocks were allotted randomly to seven different 9
× 9 Latin squares, and cows within blocks were assigned
randomly to treatment sequences within each Latin
square. The nine diets were fed in the Latin squares
as TMR and were formulated from alfalfa and corn
silages, high-moisture shelled corn (HMC), solvent-ex-
tracted soybean meal (SBM), plus minerals and vita-
mins, to contain three levels of CP at each of three
levels of NDF (Table 1). Dietary CP was varied by step-
wise replacement of 4.4 percentage units of DM from
HMC with an equal amount of SBM. Forage was ap-
proximately 60% from alfalfa silage and 40% from corn
silage on all diets; NDF was varied by feeding total
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forage at 75, 63, and 50% of DM. The alfalfa silage fed
in this trial was from two different silos. That fed during
the first 8 wk was harvested at first cutting from May
25 to 28, 1999; that fed during the second 8 wk was
harvested from second cutting from July 1 to 2, 1999.
Alfalfa from both harvests was cut using a conventional
mower conditioner, field wilted to about 40% DM,
chopped to a theoretical length of 2.9 cm, and ensiled
in large bunker silos without additives. Corn silage was
harvested at about one-half milk line, chopped to a
theoretical length of 1 cm, and ensiled in a large upright
silo without additives. Rolling was used when both corn
silage (Bal et al., 2000) and HMC were removed from
the silo; HMC had a geometric mean particle size of
about 2 mm (Broderick et al., 2001) when fed. Roasted
soybeans, with an estimated RUP value of 57% (Faldet
and Satter, 1991), were added at 2.5% of DM in all
TMR. Diets were fed for four, 4-wk periods (total of 16
wk) in this incomplete Latin square. The first 2 wk of
each period was allowed for adaptation to diet; individ-
ual means from each cow for production traits from the
last 2 wk of each period were analyzed statistically.
Cows were milked twice daily and individual milk
yields were recorded at each milking. Milk samples
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were collected at two consecutive (p.m. and a.m.) milk-
ings midway through wk 3 and 4 of each period and
analyzed for fat, protein, lactose, SNF, and milk urea
N (MUN) by infrared methods (AgSource, Verona, WI).
Milk samples were deproteinized (Shahani and Som-
mer, 1951) and analyzed for MUN by an automated
colorimetric assay (Broderick and Clayton, 1997),
adapted to a flow-injection analyzer and by a urease
assay (no. 64-100P; Sigma Chemical Co., St. Louis,
MO), as well as for NPN using a combustion method
(Mitsubishi TN-05 Nitrogen Analyzer; Mitsubishi
Chemical Corp., Tokyo). Milk true protein was com-
puted by subtracting NPN from total protein N (from
infrared analysis) using the equation: [(total protein/
6.38) − NPN] × 6.38. Concentrations and yields of fat,
protein, true protein, lactose, and SNF, and MUN con-
centrations, were computed as the weighted means
from p.m. and a.m. milk yields on each test day. Yields
of 3.5% FCM were computed (Sklan et al., 1992). Depro-
teinized milk from four squares (36 cows) was diluted
50%, vol/vol, with acetonitrile then assayed for allan-
toin concentration using the HPLC procedure of Shing-
field and Offer (1998a). Allantoin also was determined
in samples from two squares (18 cows) by the method
of Vogels and van der Grift (1970) adapted to a 96-well
plate reader. Efficiency of conversion of feed DM was
computed for each cow over the last 2 wk of each period
by dividing mean milk yield by mean DMI; efficiency
of utilization of feed N similarly was computed for each
cow by dividing mean milk N output (total milk protein/
6.38) by mean N intake. Body weights were measured
on three consecutive days at the start and end of each
period to compute BW change.

All cows were injected with bST (500 mg of Posilac;
Monsanto, St. Louis, MO) beginning on d 1 of the trial
and at 14-d intervals throughout. Cows were housed in
tie stalls and had free access to water during the trial.
The TMR were offered once daily at about 1000 h; orts
were collected and recorded once daily at about 0900
h. The feeding rate was adjusted daily to yield orts of
about 10% of intake. Weekly composites of each TMR,
orts, alfalfa silage, corn silage, and HMC were collected
from daily samples of about 0.5 kg and stored at −20°C.
Weekly samples of SBM and roasted soybeans were
stored at 21 to 24°C. Proportions of each ration ingredi-
ent on an as-fed basis were adjusted weekly based on
DM determined by drying weekly composites at 60°C
(48 h) for alfalfa silage, corn silage, and HMC and at
105°C (AOAC, 1980) for SBM and roasted soybeans.
Intake of DM was computed based on the 60°C DM
values for TMR and orts. After drying, ingredients and
TMR were ground through a 1-mm screen (Wiley mill;
Arthur H. Thomas, Philadelphia, PA). Samples of al-
falfa silage, corn silage, and HMC were analyzed weekly
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for total N by combustion assay (Leco 2000; Leco Instru-
ments, Inc., St. Joseph, MI) and for NDF (Hintz et al.,
1995). These data, plus representative values for the
SBM and roasted soybeans, were used to adjust dietary
CP and NDF on a weekly basis. Period composites of
the major diet ingredients and TMR were prepared by
mixing equal amounts of DM from the four weekly com-
posites. These samples then were analyzed for DM at
105°C, ash and OM (AOAC, 1980), total N by combus-
tion assay (Leco Instruments Inc.), and sequentially for
NDF and ADF using heat stable α-amylase (Van Soest
et al., 1991) and Na2SO3 (Hintz et al., 1995). The TMR
composites also were analyzed for NDF-N using the
combustion N assay (Leco Instruments, Inc.) on resid-
ual NDF and for fat (Dairyland Laboratories, Arcadia,
WI) to compute of nonfiber carbohydrate (NFC). Data
on composition in Table 1 were from analysis of TMR
composites. At the end of the trial, weekly composites
of alfalfa silage were thawed, water extracts were pre-
pared, deproteinized, and then analyzed for NPN
(Muck, 1987) using the combustion N assay (Mitsubishi
Nitrogen Analyzer).

On d 28 of each period, two spot fecal and urine sam-
ples were collected from four of the squares (36 cows)
at about 6 and 18 h after feeding. Fecal samples were
dried in a forced draft oven (60°C; 72 h), then ground
through a 1-mm screen (Wiley mill). Equal DM from
each fecal subsample was mixed to obtain a single com-
posite for each sampled cow during each period. Period
fecal and TMR composites were analyzed as described
earlier for DM, ash, OM, NDF, ADF, and total N, and
for indigestible ADF (the ADF remaining after 12-d of
in situ ruminal incubations; Huhtanen et al., 1994).
Indigestible ADF was used as an internal marker to
estimate apparent nutrient digestibility and fecal out-
put (Cochran et al., 1986). Fresh urine samples were
acidified by diluting one volume of urine with four vol-
umes of 0.072 N H2SO4 and storing at −20°C until ana-
lyzed. At the end of the trial, urine samples were thawed
at room temperature and filtered through Whatman
no. 1 filter paper. Filtrates were analyzed for creatinine
using a picric acid assay (Oser, 1965) adapted to a flow-
injection analyzer, for total N (Mitsubishi Nitrogen An-
alyzer), for allantoin using the method of Vogels and
van der Grift (1970) adapted to a 96-well plate reader,
for uric acid with a commercial kit (no. 683-100P,
Sigma) and for urea with the colorimetric method also
used for MUN. Daily urine volume and excretion of
urea N, total N, and purine derivatives (allantoin plus
uric acid) were estimated from urinary creatinine con-
centration assuming a creatinine excretion rate of 29
mg/kg BW (Valadares et al., 1999).
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Statistical Analysis

The lactation trial was conducted as an incomplete
9 × 9 Latin square, replicated 7 times. It was intended
from the outset to run the trial for four periods only,
rather than for a full nine periods, to avoid confounding
effects due to decline in production that would have
occurred later in the lactation curve. Seven incomplete
9 × 9 Latin squares were constructed by fixing the first
column of treatments, ordered A through I, as the diets
fed in period 1, then randomly assigning three of eight
possible columns of treatments (ordered B, C, . . . ,A;
C, D, . . . ,B; . . .; I, A, . . . ,H) as the subsequent series
of diets in periods 2, 3, and 4. In this arrangement,
columns represented periods, and rows represented
cows within squares. The seven groups of cows, blocked
as described above, were randomly assigned to one of
the seven incomplete 9 × 9 Latin squares; cows were
randomly assigned to one of the nine diet sequences
within each square. Production results were analyzed
with the mixed procedure of SAS (Littell et al., 1996)
using a model, including square, period, cow-within-
square, dietary CP level (n = 3), dietary level NDF (n
= 3), the interactions CP × NDF, CP × period, and NDF
× period, plus residual error. All terms were considered
fixed, except for cow-within-square and residual error,
which were considered random. No significant interac-
tions were found for CP × period (P = 0.09 to 0.99) and
NDF × period (P = 0.07 to 0.98) for any trait; therefore,
interpretation of results from this Latin square trial
were not confounded. Because the CP × NDF interaction
was not significant for any trait (P = 0.08 to 0.85), differ-
ences between least squares means at each level of CP
across all NDF levels and at each level of NDF across
all CP levels were reported if the F-test for CP or NDF
was significant at α = 0.05. Significance of linear and
quadratic contrasts of dietary CP and NDF levels were
determined for each trait in the model. Concentrations
of MUN determined by both colorimetric or infrared
methods were regressed on MUN assayed by urease
enzyme using Proc GLM (SAS, 1989). Estimated uri-
nary excretion of urea N, total N, and allantoin and
dietary concentration and intake of CP, NFC, and NDF,
were regressed on MUN (assayed by all three methods)
and milk allantoin (assayed by HPLC) using the data
from the four squares (36 cows) with Proc GLM (SAS,
1989), using a model that included square, cow-within-
square, period, and linear and quadratic effects. In one
case, the MUN at the maximum response was deter-
mined by taking the first derivative of the quadratic
equation for which the squared term was significant (P
≤ 0.05). The same model was used to regress yield of
milk, protein, and true protein on intake of CP and
NFC with data from all 63 cows and to regress esti-
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mated urinary allantoin excretion and dietary concen-
tration and intake of CP, NFC, and NDF, and milk
allantoin (HPLC assay of Shingfield and Offer, 1998a)
on milk allantoin assayed according to Vogels and van
der Grift (1970) with data from two squares (18 cows).

RESULTS AND DISCUSSION

Diet Composition

Overall, the alfalfa silage fed in this trial averaged
(± SD) 21.5% (± 0.9%) CP and 41.5% (± 2.3%) NDF on
a DM basis, indicating it was typical for high-quality
alfalfa (Broderick et al., 1999). Alfalfa fed out from the
two different silos was equal in NDF and averaged 22.0
and 21.1% CP, respectively, during the first and second
halves of the trial. The corn silage contained (DM basis)
8.3% (±0.7%) CP and 38.5% (± 2.3%) NDF and the HMC
contained 8.1% (± 0.3%) CP and 8.4% (± 0.8%) NDF.
The SBM and roasted soybeans fed in the experiment
each was from a single batch. The small degree of varia-
tion in ingredient composition made it possible to main-
tain, after correction for DM content, very constant CP
and NDF contents in the nine TMR fed over the course
of this trial. The alfalfa silage had a mean NPN content
of 52% of total N, which is typical for that forage (Brod-
erick et al., 2001). High concentrations of NPN depress
utilization of CP in alfalfa and other hay-crop silages
(Nagel and Broderick, 1992) and feeding greater
amounts of more fermentable NFC would be expected to
improve milk and protein yields (Ekinci and Broderick,
1997; Wilkerson et al., 1997; Kebreab et al., 2000; Vala-
dares et al., 2000).

Milk Production and Nutrient Efficiency

Surprisingly, the CP × NDF interaction was not sig-
nificant for any trait (P = 0.08 to 0.85). Rinne et al.
(1999) observed no interactions among yield of energy-
corrected milk, protein and concentrate supplementa-
tion, and forage OM digestibility, when feeding lactat-
ing cows diets based on grass silages that ranged from
49 to 65% NDF (DM basis). Absence of a CP × NDF
interaction made it possible to summarize results from
the lactation study as least squares means for each
trait at each of the three concentrations of dietary CP
(averaged over all NDF) and NDF (averaged over all
CP). The principal production effects observed with in-
creasing dietary CP were linear increases in DMI, yield
of milk, FCM, fat, and protein, and milk protein content
(Table 2). Except for DMI, which was greatest at 18.4%
CP, there was no further improvement in yield of milk
or milk components beyond 16.7% CP. Most of the incre-
mental increases in going from 15.1 to 16.7% dietary
CP were modest: 1.1 kg/d of milk, 1.5 kg/d of FCM, and
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Table 2. Effect of dietary CP content on milk production and composition, nutrient efficiency, and milk N
fractions.

CP, % of DM P > F1

Trait 15.1 16.7 18.4 SE CP Linear Quadratic

Intake and yield, kg/d
DMI 21.2c 22.1b 22.6a 0.3 <0.01 <0.01 0.30
N intake 0.512c 0.593b 0.666a 0.007 <0.01 <0.01 0.49
BW gain 0.45 0.57 0.55 0.08 0.48 0.37 0.41
Milk 33.0b 34.1a 34.1a 0.6 0.01 0.01 0.14
3.5% FCM 33.1b 34.6a 34.3a 0.6 0.01 0.02 0.04
Fat 1.15b 1.23a 1.20a 0.03 <0.01 0.03 0.01
Protein 0.99b 1.02a 1.02a 0.02 0.05 0.04 0.19
True protein 0.92 0.95 0.94 0.02 0.21 0.33 0.14
Lactose 1.66 1.68 1.69 0.03 0.42 0.21 0.69
SNF 2.97 3.03 3.04 0.06 0.20 0.11 0.42

Milk composition, %
Fat 3.51 3.66 3.60 0.07 0.08 0.20 0.07
Protein 2.99b 3.03a 3.02a 0.03 0.03 0.05 0.07
True protein 2.80 2.82 2.79 0.03 0.12 0.50 0.06
Lactose 4.97 4.96 4.96 0.02 0.44 0.20 0.95
SNF 8.93 8.98 8.96 0.04 0.11 0.31 0.06

Efficiency, yield/intake
Milk/DMI 1.56a 1.55a 1.51b 0.02 0.02 0.01 0.47
Milk N/N intake 0.303a 0.270b 0.239c 0.004 <0.01 <0.01 0.72

Milk NPN fractions
Urea N,2 mg/dl 9.2c 12.4b 15.9a 0.2 <0.01 <0.01 0.34
Allantoin,3 mM 0.141 0.138 0.152 0.006 0.08 0.31 0.04
Total NPN, mg/dl 29.3c 32.5b 36.5a 0.3 <0.01 <0.01 0.19
Urea N/NPN, % 31.5c 38.0b 43.5a 0.5 <0.01 <0.01 0.31

a,b,cLeast squares means within the same row without a common superscript differ (P < 0.05).
1Probability of a significant effect of CP or of a linear or quadratic effect of CP concentration in the diet.
2Milk urea N determined using a colorimetric assay (Broderick and Clayton, 1997).
3Milk allantoin determined using an HPLC method (Shingfield and Offer, 1998a) on samples from four

squares (36 cows).

0.03 kg/d of protein. Only the increase in fat yield was
more substantial—0.08 kg/d at 16.7% CP and 0.05 kg/
d at 18.4% CP vs. that at 15.1% CP. Greater fat yield
at 16.7% CP gave rise to a significant quadratic effect
of dietary CP; maximal fat yield was predicted at 17.1%
dietary CP. It is interesting that true protein yield (esti-
mated by correcting total protein assayed by infrared
analysis for milk NPN content) was not significantly
altered by dietary CP content. Several factors related
to nutrient efficiency became less favorable when di-
etary CP was increased (Table 2). Similar feed efficiency
at 15.1 and 16.7% CP suggested that the small response
in milk yield at 16.7% CP was due at least partly to
the small increase in DMI. The further increase in DMI
at 18.4% CP was not accompanied by more milk and
milk yield/DMI declined. When dietary CP increased,
there was a highly significant linear decrease in N effi-
ciency.

Except for fat yield, increasing dietary energy density
and NFC by reducing forage and NDF increased weight
gain and yield of milk and all milk components; these
responses were linear (Table 3). Moreover, milk concen-
trations of protein, true protein, lactose, and SNF also
were increased linearly with greater dietary energy.
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Over this same range of NFC, there were linear and
quadratic declines in milk fat content. Fat yield was
lower at 28% NDF than at the intermediate energy
density (32% NDF); thus, there also was a quadratic
effect of dietary NDF on fat yield. Significant linear
increases in both DM and N efficiency were observed
with increasing dietary energy content. Feed intake
was not altered by increasing dietary energy density.

Under the conditions of this trial, production of milk
and milk components clearly was maximal at 16.7% CP,
and there was strong evidence of depressed nutrient
efficiency, especially for N, at 18.4% CP. Dietary CP
was increased by replacing HMC with a protein source
with an estimated RUP of 35% at DMI = 4% of BW
(NRC, 2001). Factors influencing utilization of dietary
CP are complex and related to supplying sufficient RDP
to meet the needs of ruminal microbes plus sufficient
RUP of adequate intestinal digestibility, with an AA
pattern complementary to microbial protein, such that
the absorbed AA requirements of the cow are met. Infor-
mation on RDP and RUP values for specific ration ingre-
dients often is unreliable. Increasing the fermentable
energy content of the diet by reducing NDF and increas-
ing NFC likely stimulated greater microbial protein
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Table 3. Effect of dietary NDF content on milk production and composition, nutrient efficiency, and milk
N fractions.

NDF, % of DM P > F1

Trait 36 32 28 SE NDF Linear Quadratic

Intake and yield, kg/d
DMI 21.7 22.2 22.0 0.3 0.16 0.36 0.10
N intake 0.589 0.597 0.584 0.007 0.16 0.42 0.08
BW gain 0.39b 0.47b 0.71a 0.08 0.01 <0.01 0.38
Milk 31.2c 33.9b 36.2a 0.6 <0.01 <0.01 0.64
3.5% FCM 32.9b 34.7a 34.3a 0.6 <0.01 0.01 0.02
Fat 1.19ab 1.24a 1.15b 0.03 <0.01 0.11 0.01
Protein 0.91c 1.01b 1.10a 0.02 <0.01 <0.01 0.77
True protein 0.85c 0.94b 1.02a 0.02 <0.01 <0.01 0.78
Lactose 1.54c 1.68b 1.81a 0.03 <0.01 <0.01 0.72
SNF 2.76c 3.02b 3.26a 0.06 <0.01 <0.01 0.72

Milk composition, %
Fat 3.86a 3.70b 3.22c 0.07 <0.01 <0.01 0.01
Protein 2.95c 3.01b 3.08a 0.03 <0.01 <0.01 0.92
True protein 2.74c 2.80b 2.87a 0.03 <0.01 <0.01 0.78
Lactose 4.92b 4.97a 4.99a 0.02 <0.01 <0.01 0.20
SNF 8.85c 8.96b 9.06a 0.04 <0.01 <0.01 0.61

Efficiency, yield/intake
Milk/DMI 1.44c 1.53b 1.65a 0.02 <0.01 <0.01 0.48
Milk N/N intake 0.249c 0.269b 0.295a 0.004 <0.01 <0.01 0.46

Milk NPN fractions
Urea N,2 mg/dl 13.3a 12.7b 11.5c 0.2 <0.01 <0.01 0.20
Allantoin,3mM 0.139b 0.147a 0.143a 0.006 0.03 0.03 0.09
Total NPN, mg/dl 32.9 33.0 32.4 0.3 0.10 0.12 0.14
Urea N/NPN, % 40.0a 37.9b 35.1c 0.5 <0.01 <0.01 0.48

a,b,cLeast squares means within the same row without a common superscript differ (P < 0.05).
1Probability of a significant effect of NDF or of a linear or quadratic effect of NDF concentration in the

diet.
2Milk urea N determined using a colorimetric assay (Broderick and Clayton, 1997).
3Milk allantoin determined using an HPLC method (Shingfield and Offer, 1998a) on samples from four

square (36 cows).

synthesis in the rumen. However, reducing dietary
NDF required reducing alfalfa silage as well as corn
silage; alfalfa CP was replaced with that from SBM.
Thus, elevated metabolizable protein supply at lower
NDF would have derived from both increased SBM RUP
and microbial protein formation. Metabolizable protein
supply was computed with tabulated RUP data for the
diets fed in these trials (Table 1) and by estimating
microbial protein at 130 g/kg of discounted TDN (NRC,
2001). These computations suggested that most of the
increased metabolizable protein with increased dietary
CP and NFC would have derived from RUP. Computed
metabolizable protein supplies were 1890, 2170, and
2380 g/d on 15.1, 16.7, and 18.4% CP diets with 82%
of the increase on the two higher CP diets estimated
to be from SBM RUP and 18% from greater microbial
protein synthesis due to greater DMI. Computed me-
tabolizable protein supplies were 1990, 2180, and 2270
g/d on 36, 32, and 28% NDF. Extra metabolizable pro-
tein from greater RUP on the lower NDF diets was,
respectively, 119 and 214 g/d and that deriving from
greater microbial protein was, respectively, 67 and 63
g/d.
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Digestibility and Excretion

There was no change in apparent digestibility of DM
and OM with increasing dietary CP; however, NDF and
ADF digestibility both increased linearly with dietary
CP (Table 4). Digestion of NDF in poor-quality forages
fed to beef cows was elevated with SBM supplementa-
tion (Mathis et al., 1999). Greater intake of RDP may
stimulate fiber digestion by increasing the supply of
branched-chain VFA. Supplementing low-protein diets
with branched-chain VFA increased OM and fiber di-
gestion in the rumen of cattle (Misra and Thakur, 2001).
No ruminal sampling was conducted in the present
study; however, we have observed elevated ruminal
concentrations of branched-chain VFA with feeding in-
creased dietary CP from alfalfa silage (Hristov and
Broderick, 1996) and SBM (Broderick, 1986). The linear
increase in apparent N digestibility with elevated di-
etary CP was the usual result of dilution of metabolic
fecal N as well as the effect of greater intake of SBM,
a highly digestible protein source.

Linear effects of greater fecal DM (P = 0.03) and N
excretion (P < 0.01) were observed with increased di-
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Table 4. Effect of dietary CP content on nutrient digestibility and nitrogen metabolism (LS means from
spot sampling of 36 cows).

CP, % of DM P > F1

Trait 15.1 16.7 18.4 SE CP Linear Quadratic

Apparent digestibility, %
DM 62.7 62.8 63.1 0.5 0.76 0.50 0.77
OM 63.7 63.7 64.2 0.5 0.64 0.39 0.69
NDF 37.0b 37.4b 39.8a 0.8 0.03 0.01 0.28
ADF 37.2b 37.0b 39.9a 0.9 0.03 0.02 0.13
N 54.5b 55.9b 58.9a 0.9 <0.01 <0.01 0.35

Excretion
Fecal DM, kg/d 7.95 8.25 8.33 0.21 0.08 0.03 0.47
Fecal N, g/d 236b 264a 273a 8 <0.01 <0.01 0.12
Urine volume, L/d 20.8c 24.4b 27.3a 1.2 <0.01 <0.01 0.71
Urinary urea-N, g/d 119c 172b 216a 4 <0.01 <0.01 0.25
Urinary N, g/d 140c 193b 236a 5 <0.01 <0.01 0.20
Fecal N, % of intake 45.5a 44.1a 41.1b 0.9 <0.01 <0.01 0.35
Urinary N, % of intake 27.4c 33.0b 35.7a 0.7 <0.01 <0.01 0.04
Urinary PD,2 mmol/d 377b 404a 400ab 11 0.05 0.06 0.12

a,b,cThe three means within the same row without a common superscript are different (P < 0.05).
1Probability of a significant effect of CP or of a linear or quadratic effect of CP concentration in the diet.
2PD = total purine derivatives (allantoin plus uric acid).

etary CP (Table 4). These likely were related to the
linear increase in DMI described earlier (Table 2) as
well as to excretion of undigested dietary CP. Urinary
purine derivative excretion, which derives mainly from
catabolism of absorbed purines of ruminal microbial
origin (Stangassinger et al., 1995), also was elevated
at 16.7% CP vs. 15.1% CP, with purine derivative excre-
tion at 18.4% being intermediate. Greater DMI at the
two higher CP diets would have provided more fer-
mentable substrate to the rumen, stimulating greater
microbial growth. That an increase of 27 mmol/d (7%) in
purine derivative excretion was detected as significant
suggested that spot sampling procedures, along with
urine output estimated from creatinine concentration,
would prove a sensitive method for use in routine lacta-
tion studies. Shingfield and Offer (1998b) found spot
urine sampling significantly less reliable than total
urine collection for estimating excretion of total purine
derivatives in lactating cows. The linear increase in
urine volume and urinary excretion of urea N and total
N with increased dietary CP were expected to parallel
the increased absorption of ruminal degradation prod-
ucts and metabolizable protein that would accompany
increased SBM intake. The greater quantities of N me-
tabolites requiring excretion likely increased the vol-
ume of urinary water required to dilute these com-
pounds (Valadares et al., 1999). Elevation of urinary N
output was substantial: urea N and total N went up 82
and 69% when dietary CP increased from 15.1 to 18.4%.
Urea N accounted for essentially all of this increase in
total N excretion. Over the range of CP intakes in this
trial, fecal N declined from about 46 to 41% of consumed
N, while the proportion of consumed N appearing in
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the urine increased from about 27 to nearly 36%. Thus,
the net effect of increasing CP intake by increasing
dietary SBM was to cause a small (3%) increase milk
N secretion but mainly to divert N excretion from the
feces to urinary urea. This form of excretory N is the
most labile. Following contact with microbial ureases
in the environment (e.g., in feces; Muck, 1982), urea
will be rapidly hydrolyzed to ammonia and lost by vola-
tilization (James et al., 1999).

As expected, there were linear increases in apparent
DM and OM digestibility, and linear declines in appar-
ent NDF and ADF digestibility and fecal DM output,
with decreasing dietary NDF content (Table 5). The
estimated increase in DM digestibility (2.4 percentage
units) over this range of dietary NDF was less than
half of the increase (5.3 percentage units; Table 1) in
discounted TDN (TDNp) computed for these diets based
on NRC (2001) assumptions. Increased dietary NFC
is often observed to depress fiber digestion, partly by
depressing ruminal pH (Weimer, 1992; Oliveira et al.,
1993). However, ruminal pH was not measured in this
trial. Apparent N digestibility was not altered by source
of dietary carbohydrate, suggesting that total tract di-
gestibility of CP was similar for alfalfa silage, which
was reduced, and SBM, which was increased, when
diets were formulated to contain reduced NDF. Fecal
N output and urinary volume also were not affected by
source of dietary carbohydrate. However, there were
linear decreases in urinary excretion of urea N and
total N with reduced NDF: the proportion of dietary N
excreted in the urine fell by 4.0 percentage units over
the range of NDF and NFC fed in this study. The decline
was consistent with the improvement in N efficiency
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Table 5. Effect of dietary NDF content on nutrient digestibility and nitrogen metabolism (LS means from
spot sampling of 36 cows).

NDF, % of DM P > F1

Trait 36 32 28 SE NDF Linear Quadratic

Apparent digestibility, %
DM 61.8b 62.6b 64.2a 0.5 <0.01 <0.01 0.54
OM 63.0b 63.5b 65.2a 0.5 <0.01 <0.01 0.29
NDF 40.0a 38.0ab 36.2b 0.8 <0.01 <0.01 0.92
ADF 39.6a 37.9ab 36.5b 0.9 0.03 0.01 0.90
N 55.9 56.7 56.7 0.9 0.72 0.49 0.67

Excretion
Fecal DM, kg/d 8.37a 8.28a 7.88b 0.21 0.02 0.01 0.35
Fecal N, g/d 260 258 255 8 0.80 0.51 0.99
Urine volume, L/d 24.2 24.0 24.3 1.2 0.97 0.93 0.80
Urinary urea-N, g/d 181a 168b 157c 4 <0.01 <0.01 0.78
Urinary N, g/d 200a 189b 180b 5 <0.01 <0.01 0.83
Fecal N, % of intake 44.1 43.3 43.3 0.9 0.71 0.48 0.67
Urinary N, % of intake 34.3a 31.6b 30.3b 0.7 <0.01 <0.01 0.34
Urinary PD,2 mmol/d 356c 399b 425a 11 <0.01 <0.01 0.43

a,b,cThe three means within the same row without a common superscript are different (P < 0.05).
1Probability of a significant effect of NDF or of a linear or quadratic effect of NDF concentration in the

diet.
2PD = total purine derivatives (allantoin plus uric acid).

observed in this trial with increasing dietary energy
(Table 3) and reported in earlier studies (Ekinci and
Broderick, 1997; Vagnoni and Broderick, 1997; Vala-
dares et al., 2000).

The linear increase in purine derivative excretion in
the urine probably was related to increased microbial
protein formation from greater ruminal fermentation
(Table 5). Using the regression equation of Vagnoni et
al. (1997) to estimate abomasal purine flow from uri-
nary purine derivative excretion and a mean ratio of
3.99 g of microbial CP/per millimole of total purines
(Vagnoni and Broderick, 1997), microbial protein was
estimated to be 1183, 1383, and 1503 g of CP/per day.
Assuming 64% metabolizability (NRC, 2001), 128 and
205 g/d more metabolizable protein from microbial syn-
thesis was computed when dietary fiber was reduced
from 36% NDF to 32 and 28% NDF. These estimates
were at disparity from the much lower average of 65 g/
d more metabolizable protein from ruminal microbes
computed earlier based on NRC (2001) assumptions,
which suggested that microbial protein may have been
more important than increased RUP supply in improv-
ing protein status in the present trial.

Milk Nitrogen Fractions

When dietary CP increased, there were stepwise in-
creases in MUN and milk NPN concentrations and in
the proportion of MUN in milk NPN; these were highly
significant linear trends (Table 2). A significant qua-
dratic effect of dietary CP on milk allantoin also was
detected; a minimum was predicted at 17.0% CP. Sig-

Journal of Dairy Science Vol. 86, No. 4, 2003

nificant linear increases in milk allantoin and linear
reductions in MUN and proportion of MUN in milk
NPN were observed with increasing dietary energy con-
tent (Table 3). In earlier work, allantoin accounted for
about 90% of the total purine derivatives excreted in
cow urine (Vagnoni et al., 1997; Valadares et al., 1999)
that originate largely from microbial purines from the
rumen. There is evidence that milk allantoin may re-
flect plasma allantoin and thus may be related to uri-
nary allantoin excretion (Giesecke et al., 1994; Stangas-
singer et al., 1995). Analyzing data from 10 feeding
studies with lactating cows, Timmermans et al. (2000)
reported that milk allantoin concentrations were corre-
lated (r2 = 0.28) to duodenal flows of microbial N. Al-
though there were quadratic effects of dietary CP (Table
2) and linear effects of dietary NDF (Table 3) on milk
allantoin, the changes observed over the ranges fed in
the present trial here were small: reducing dietary NDF
from 36 to 28% increased estimated urinary excretion
of purine derivatives 19%, but milk allantoin increased
by only 3%. Moreover, despite trends for linear relation-
ships with dietary NDF (P = 0.07) and NFC (P = 0.07),
milk allantoin concentration was unrelated to esti-
mated urinary excretion of allantoin (P = 0.67) and
total purine derivatives (P = 0.55). Milk allantoin was
measured by an HPLC assay (Shingfield and Offer,
1998a) in this trial and ranged from 0.082 to 0.336
mM. Half of the milk samples also were analyzed for
allantoin using a more common and convenient assay
based on alkaline then acidic hydrolysis of allantoin to
glyoxylate, followed by glyoxylate detection by reaction
with phenylhydrazine and an oxidizing agent (Vogels
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and van der Grift, 1970). Average allantoin concentra-
tion using the phenylhydrazine method was 1.14 mM,
vs. 0.142 mM (13%) by HPLC, and the results of the
two assays were not correlated (P = 0.55). Earlier, we
found mean milk allantoin of about 1.0 mM (Vagnoni
and Broderick, 1997) and 0.6 mM (Valadares et al.,
1999) using phenylhydrazine-based assays. Although
the contribution from glyoxylate already present in
milk can be removed (Vogels and van der Grift, 1970),
other compounds may interfere with this assay, includ-
ing uric acid that will be partially hydrolyzed to glyoxy-
late (Vogels and van der Grift, 1970). Uric acid can be
synthesized within the mammary gland, and milk uric
acid was found to be poorly related to urinary excretion
of uric acid or total purine derivatives (Stangassinger
et al., 1995). Earlier German work showing positive
correlations of urinary purine derivatives to milk allan-
toin reported mean allantoin concentration of 0.20 mM
determined by HPLC (Giesecke et al., 1994). However,
Shingfield and Offer (1998c) detected no effect of dietary
energy content on milk allantoin assayed using an
HPLC technique.

It is well known that MUN levels are sensitive to
dietary CP content (e.g., Broderick and Clayton, 1997).
Jonker et al. (1998) developed a simple model using
MUN to predict CP intake and N excretion. This group
recently modified the model’s coefficients to reflect up-
dated infrared calibrations that have lowered apparent
MUN concentrations in commercial practice (Kohn et
al., 2002). In the present trial, a disparity was apparent
between MUN levels determined by infrared scanning
and the colorimetric assay used in all of our trials.
Therefore, MUN was reanalyzed using a third assay
based on urease hydrolysis. Results obtained using ure-
ase did not agree precisely with those from the other
two methods, but colorimetric data were more similar.
Simple regression of infrared MUN data on urease
MUN yielded an r2 of only 0.20 (Figure 1a), whereas
the r2 from the comparable regression with colorimetric
MUN data was 0.72 (Figure 1b). Infrared MUN results
resolved into different relationships for each of the eight
sets of milk samples analyzed over the course of the
trial (Figure 1a). The MUN values within each set were
more closely related to urease MUN: simple r2 ranged
from 0.45 to 0.89 for the eight sets but there were large
differences among slopes (range = 0.88 to 1.55) and
intercepts (range = −3.25 to + 3.38) of these eight regres-
sions. Weekly recalibration of the infrared MUN assay
may have contributed to this source of variation. A
smaller run effect also was noted with the colorimetric
MUN determinations. Although these samples were
held to the end of the trial, they were assayed in three
separate groups, the results of which yielded regres-
sions on urease MUN with r2 ranging from 0.66 to 0.83.
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Figure 1. Comparison of milk urea N (MUN) determined using
a urease enzymatic procedure (MUNenz) with MUN values assayed
by infrared (MUNIR; a) or colorimetric (MUNcolor; b) methods. Infra-
red MUN determinations were conducted at the time of each of the
eight milk samplings, from period 1, wk 3 (P1W3) through period 4,
wk 4 (P4W4). Colorimetric MUN determinations were conducted on
the flow-injection analyzer (FIA) in three separate groups of 160 to
180 samples each: samples in group 1 (FIA1) were from periods 1
and 2; samples in group 2 (FIA2) were from periods 2 and 3; and
samples in group 3 (FIA3) were from periods 3 and 4. Equations were
from simple regression of all MUN observations made by infrared or
colorimetric assay on MUN values determined using urease assay.

There was also less variation among the slopes (range
= 0.97 to 1.19) and intercepts (range = −0.29 to 1.75) of
these regressions.

Generally, there were strong linear relationships be-
tween urinary N excretion, intake of CP and energy,
and MUN determined by the colorimetric method (Ta-
ble 6). Most sources of feed CP have high true digestibil-
ities (NRC, 2001); therefore, increased dietary CP in-
take that does not result in deposited or secreted N
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Table 6. Significant linear and quadratic regressions on milk urea N and intake of CP and NFC.1

Variable (Y) Equation R2 Maximum2

Urinary excretion (MUN, mg/dl)3

Urea N, g/d Linear Y = 88.8 + 11.6 MUN 0.731 —
Total N, g/d Linear Y = 111.6 + 11.2 MUN 0.728 —

Dietary concentration and intake (MUN, mg/dl)4

CP, % of DM Quadratic Y = 12.0 + 0.508 MUN − 0.00926 MUN2 0.798 27.4 mg/dl
CP intake, kg/d Linear Y = 2.44 + 0.100 MUN 0.846 —
NDF, % of DM Linear Y = 46.5 − 0.408 MUN 0.403 —
NDF intake, kg/d Linear Y = 8.97 + 0.0101 MUN 0.698 —
NFC, % of DM Linear Y = 5.52 + 0.163 MUN 0.271 —
NFC intake, kg/d Linear Y = 5.52 + 0.115 MUN 0.697 —

Milk and protein yield (CPI, kg/d)4

Milk, kg/d Linear Y = 21.6 + 1.99 CPI 0.862 —
Protein, kg/d Linear Y = 0.669 + 0.0559 CPI 0.734 —
True protein, kg/d Linear Y = 0.676 + 0.0389 CPI 0.721 —

Milk and protein yield (NFCI, kg/d)4

Milk, kg/d Linear Y = 7.40 + 2.33 NFCI 0.926 —
Protein, kg/d Linear Y = 0.157 + 0.0782 NFCI 0.851 —
True protein, kg/d Linear Y = 0.146 + 0.0742 NFCI 0.851 —

1CPI = CP intake; MUN = milk urea N determined by colorimetric assay; NFC = dietary nonfiber carbohydrate; NFCI = NFC intake.
2MUN concentration at maximum determined by taking first derivative of the quadratic equation.
3Data from 36 cows from which spot urine samples were taken.
4Data obtained from all 63 cows.

will be catabolized largely to urea. Blood urea readily
equilibrates with milk (Gustafsson and Palmquist,
1993); hence, it was expected that MUN would be a
reliable predictor of urinary N excretion. Although cur-
vilinearity was not anticipated, the quadratic term for
the relationship of MUN with dietary CP content was
significant (P = 0.002); however, the improvement in fit
was small (linear r2 = 0.787 vs. quadratic r2 = 0.798).
Dietary energy density, as indicated negatively by NDF
and positively by NFC, was less accurately predicted
by MUN than dietary CP. Intakes of NDF and NFC
were similarly explained by MUN concentration (r2 =
0.70). Milk urea may prove useful for rapidly identifying
sudden alterations in dietary CP content or intake—
for example, as may occur with a change in source of
legume silage. This could aid in closer control of dietary
CP content and help reduce overfeeding of CP and ex-
cessive excretion of the environmentally labile urinary
N accompanying CP overfeeding (James et al., 1999;
Rotz et al., 1999). Regressing dietary content and intake
of CP, NFC, and NDF on MUN data determined using
infrared and urease assays yielded equations with dif-
ferent slopes and intercepts, but correlation coefficients
of very nearly the same magnitude as those for colori-
metric MUN in Table 6 (r2 = 0.27 to 0.84 for infrared
MUN and r2 = 0.27 to 0.86 for urease MUN). Of course,
differing numeric relationships among nutrient intake
data and MUN values generated by the different assays
showed the importance of establishing a standardized
MUN assay that could to be used to adjust diets to help
minimize N losses to the environment from commer-
cial dairies.
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There were linear correlations between milk and pro-
tein yields and intake of both CP and NFC (Table 6);
these relationships were stronger for NFC than CP.
The slopes from regressions relating NFC intake to
yield accounted for somewhat more of the predicted
affect than did those relating CP intake to yield: at the
overall mean NFC intake (9.1 kg/d), 74 to 82% of the
response was accounted for by slope vs. only 17 to 25%
of the response due to slope at the overall mean CP
intake (3.7 kg/d). British workers also recently found
that milk and protein yields in cows fed grass silage-
based diets were increased much more by starch supple-
mentation (Kebreab et al., 2000), particularly corn
starch (Castillo et al., 2001b), than by protein supple-
mentation (Castillo et al., 2001a). As discussed earlier,
increasing dietary energy content improves milk pro-
duction by increasing protein supply through stimulat-
ing microbial protein formation and by increasing en-
ergy supply to the animal. Decreasing dietary forage
gave rise to linear increases in both milk and protein
yields over the range from 25 to 43% NFC (Valadares
et al., 2000). Grinding of high-moisture corn to enhance
ruminal fermentation and microbial growth has been
shown to improve both milk and protein yield (Ekinci
and Broderick, 1997; Wilkerson et al., 1997). So long
as RDP supply is adequate, milk and protein yield will
continue to respond to increased energy intake until
production is suppressed by the adverse ruminal effects
of excessive concentrate intake (Oliveira et al., 1993).

SUMMARY AND CONCLUSIONS

Diets containing three levels of protein, each at three
levels of energy, were fed to lactating cows. Adding



BRODERICK1380

SBM to increase CP from 15.1 to 16.7 and 18.4% had
only small positive effects on DMI and milk and protein
yield; also, FCM and milk fat yield was higher at 16.7
and 18.4% CP than at 15.1% CP. However, there were
large increases in milk urea and NPN and in urinary
N excretion and a substantial decrease in N efficiency
over this range of dietary CP. Increasing dietary energy
by reducing forage (from 36 to 28% NDF) gave rise to
linear increases in BW gain, yield of milk and milk
components (except for fat), and milk/DMI and milk N/
N intake, as well as linear decreases in milk urea and
urinary N excretion. Increasing dietary energy resulted
in comparable increases in milk N secretion and de-
creases in excretion of urinary N. Results of this trial
indicated that, regardless of dietary energy content,
feeding 16.7% CP was adequate for supporting milk
production. Reducing dietary CP to the requirement
will be effective for reducing excessive excretion of the
most environmentally labile form of N.
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